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1.  Abstract

Solid oxide electrolysers (SOEL) are critical for efficient hydrogen production but face challenges such as
chromium (Cr)-poisoning and materials degradation, specifically in their interconnector components
made of ferritic stainless steels (FSS). WP3 focuses on developing optimized coatings for both the air and
fuel sides of these interconnectors to improve electrical performance and extend lifespan. This deliverable
D3.1 focuses on listing potential coating candidates that have shown promising results, as reported in
various scientific journals, for use on both on fuel and airside of the SOEL stack. On the air side, Cu-doped
spinel coatings have emerged as promising candidates, offering excellent Cr-barrier properties and
superior electrical conductivity, while also addressing ethical and sustainability concerns associated with
cobalt usage. On the fuel side, a multi-layered approach involving ceria (CeO,) as a diffusion barrier has
been proposed to mitigate issues like nickel diffusion into FSS and to maintain electrical and mechanical
compatibility. The coatings aim to balance high technical performance with material sustainability,
offering a pathway for the development of more durable and efficient SOEL systems.

2. Introduction

Solid oxide electrolysers have gained significant attention for their role in efficient hydrogen production.
These stacks consist of an array of components including ceramic cells, interconnectors, and gasket
structures. Interconnectors are predominantly manufactured from high chromium content (18-22 wt% of
Cr) ferritic stainless steels (FSS) like Crofer 22 APU/H, AlISI 441, and AISI 444. While these materials exhibit
excellent mechanical properties and capability to form protective Cr,0s oxide layers on the air side, they
also present challenges including the degradation of electrical performance.

WP3 aims to systematically evaluate potential coatings for the air and fuel sides of the interconnector
plates in SOEL stacks to enhance their performance and extend their lifespan. WP3 address the critical
problem of chromium (Cr)-rich oxide scales which, while protective, can have detrimental impacts on SOEL
performance. These scales can lead to cell degradation via Cr-poisoning, increased ohmic resistance, and
thereby reduced stack performance. On the fuel side, the coatings also need to inhibit the diffusion of
nickel into ferritic stainless steels and improve electrical contact points between the interconnectors and
the ceramic cells.

Various coating candidates will be assessed based on their ability to 1) inhibit the continuous growth of
Cr-rich oxide scales, 2) prevent the transport of Cr-species to the cathode, and 3) enhance overall stack
performance by improving electrical contacts and minimizing materials degradation. Deliverable 3.1 will
provide a comprehensive list of suitable coating materials, along with their potential advantages, offering
a roadmap for subsequent work packages.
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3.  Coatings on the air side

Building upon the challenges outlined, a focal point of concern in the use of high chromium content FSS
as interconnector materials in SOEL stacks is the phenomenon of Cr-poisoning. At the typical operating
temperatures of 600-800 °C, these steels naturally form a Cr,0s layer, which serves as a protective barrier
against corrosion and degradation. However, the presence of humidity in the air exacerbates oxidation
rates. Specifically, Cr,03 reacts with water molecules and oxygen to form various chromium oxides and
oxyhydroxides such as CrOs, CrO,(OH),, and CrO,(0OH), as outlined in reaction equations 1-3 [1, 2].

2Cr,03(s) + 304(g) <> 4Cr0s(g) (1)
2CF203(S) + 302(g) + 4H20(g) 4 4CI’02(OH)2(g) (2)
Cr,05(s) + 0,(g) + H20(g) <> 2CrO,(OH)(g). (3)

Notably, the partial pressures of CrOs(g) in dry air and CrO,(OH)(g) in humid air are the highest over
Cr,03(s), indicating their dominant role in the air side atmosphere [1-3]. These Cr species are transported
to the triple-phase boundary (TPB). This is the shared interface of the electrolyte, the air electrode, and
the gas phase. Subsequent electrochemical reduction cycles them back to Cr,0s. Over time, this
continuous reduction reaction of Cr species leads to a blocking of effective TPB sites. The consequence is
a decrease in the electrochemical performance of the cell, manifesting as degradation, commonly termed
as Cr-poisoning.

Given this complexity, the coatings applied on the air side must not only suppress the formation of Cr-rich
oxide scales but also mitigate the transport of these problematic Cr species to the active reaction sites.
Therefore, selecting appropriate coating materials and deposition process through parameters
optimization can effectively address this issue.

Optimizing coating together with deposition technique must fulfil several requirements which are crucial
for stack performance. These criteria include:

e Low diffusion coefficient for Cr ions and minimal transport of Cr compounds to inhibit Cr-
poisoning [4].

e Excellent electrical conductivity, aiming for 100 % electronic conduction to minimize ohmic losses
[5].

e Chemical, microstructural, and phase stability at stack operating temperatures in oxidizing and
reducing conditions [5].

e Coefficient of Thermal Expansion (CTE) compatibility with other stack components, such as
metallic interconnectors and air electrodes [5].

e High-temperature strength, along with creep and spallation resistance, to ensure long-term
durability [5].

e Cost-effectiveness in mass production to facilitate broader commercial adoption [5].

Current research has identified several promising material compositions, particularly from the perovskite
(A,B)205 and spinel (A,B)s0; groups. (Mn,Co);0s-based spinels such as MnCo,04, Mn,CoO, and
Mn15Co01.504 have shown particular promise, demonstrating both cubic and tetragonal crystal structures.
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These (Mn,Co);04 spinels exhibit a lower rate of Cr transport and show even better Cr-barrier properties
compared to perovskites [6,7]. The average electrical conductivity for (Mn,Co)304 spinel is 20.6 S/cm, with
the highest conductivity observed for Mn;sCo1504 at 26 S/cm (Table 1). Moreover, the compatibility of
their CTE with FSS and perovskite-type air electrodes is an added advantage.

However, one critical factor that this project considers is the reduction in the use of critical raw materials
(CRM), notably cobalt and manganese [8]. This is a concern as a significant portion of cobalt ore is sourced
from regions with high supply chain risks, such as the Democratic Republic of Congo. Additionally, cobalt
compounds have potentially carcinogenic properties, complicating human interactions during
manufacturing. Given these considerations, the materials tested in PilotSOEL will balance between
performance optimization and responsible materials usage. The aim is to explore alternatives that not
only meet the stringent technical requirements but also are less reliant on CRMs, thereby ensuring a
sustainable and ethically sound approach to improving SOEL stack performance and durability.

3.1 Cobalt-less coating options

WP3 also explores cobalt-less coating options for the interconnectors. According to numerous scientific
studies, copper (Cu) emerges as a promising alternative to cobalt (Table 1). Experiments have been
conducted in which Co was either partially or completely replaced with Cu in the formulation of spinel
coatings. These studies indicate that Cu-doped spinel coatings offer comparable Cr-barrier properties to
their Co-containing counterparts. For instance, one experiment showcased that no Cr migration was
observed on the LSCF cathode after 1000 hours at 800 °C when Cu-doped spinel was applied [9]. Similarly,
a longevity test conducted on SUS 430 ferritic stainless steel coated with (Mn,Co,Cu);04at 750 °C for 2000
hours also showed no noticeable Cr migration [10], underlining the efficacy of copper as a cobalt
replacement.

One advantage of Cu-doped spinel coatings is their superior electrical conductivity. Based on an analysis
of 17 different scientific journals (Table 1), the average electrical conductivity for (Mn,Cu)3;04 spinels was
found to be approximately 53 S/cm, a value that markedly outperforms the Co-based spinels. In some
cases, the electrical conductivity was almost 120 S/cm. This enhancement in electrical conductivity not
only fulfils the technical requirement of high electronic conduction but also implies potential benefits in
reducing ohmic losses in the SOEL stack.

Table 1. Electrical conductivity values of Mn-Co-Cu-O spinels at 650 °C

o (S/cm) at 650 Composition
119,9 Cu1.3Mn1.704 1,7 1,3 [11]
94,8 Cuo.77Nio.45sMn+.7804 1,78 0,77 0,45 [12]
85,9 Mn2CuO4 2 1 [13]
79,4 Mn+.33C01.17Cu0.504 1,33 1,177 0,5 [14]
70,4 Cu1.1Mn1.904 1,9 1.1 [11]
69,2 Mn18Cu1.204 1,8 1,2 [13]
68,8 Mn1.57C00.93Cu0.504 1,57 093 0,5 [14]
67,2 MnCuo.5Co1.504 1 1,5 05 [15]
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66,4 MnCuo.5C01.404 1 14 05 [10]
58,3 CuMn204 2 1 [16]
56,6 C00.9Cu0.6Mn1.504 1,5 0,9 0,6 [16]
55,8 MnCuo.7C01.304 1 1,3 0,7 [10]
54,3 Cu1.38Mn1.6204 1,62 1,38 [17]
54,1 Mn1.6Cu1.404 1,6 1,4 [13]
51,7 Cu1.19Mn1.8104 1,81 1,19 [17]
49,1 C01.2Cu0.3Mn1.504 1,5 1,2 0,3 [16]
48,5 Cu1.4Mn1.604 1,6 1,4 [18]
47,6 CuMn204 2 1 [11]
47,3 Cu1.28Mn1.7204 1,72 1,28 [17]
45,2 C005CuMn1.504 1,5 05 1 [16]
45,1 Mn1.5C01.504 1,5 1,5 [19]
44,7 C01.37Cu0.63Mn0O4 1 1,37 0,63 [16]
41,7 Mn15Cu1.504 1,5 1,5 [13]
41,6 C01.7Cu0.3Mn0O4 1 1,7 03 [16]
39,2 Cu0.3Mn1.1C01.604 1,1 1,6 0,3 [20]
38,5 Cu1.58Mn1.4204 1,42 1,58 [17]
38,3 Mn1.4C01.4Cu0.204 1,4 1,4 0,2 [21]
37,6 Cuo0.9Mn2.104 2.1 0,9 [11]
37,0 Cu1.47Mn1.5304 1,53 1,47 [17]
36,0 MnCo0204 1 2 [14]
33,9 Mn1.25C01.7504 1,25 1,75 [14]
33,7 Cu1.18Mn1.8204 1,82 1,18 [12]
33,56 Mn1.5C01.504 1,5 1,5 [22]
32,5 Co00.67Cu0.33Mn204 2 0,67 0,33 [16]
31,1 MnCuo0.3C01.704 1 1,7 0,3 [10]
29,3 Mn1.5C01.504 1,5 1,5 [23]
28,2 Co2MnO4 1 2 [16]
27,2 Mn1.4C01.4Cu0.204 1,4 1,4 0,2 [9]

25,8 MnCuo.1C01.904 1 1,9 0,1 [10]
25,1 Mn2.05C00.45Cu0.504 2,05 045 05 [14]
24,4 Cu0.1Mn1.2C01.704 1,2 1,7 0,1 [20]
24,4 CuosMnCo1504 1 1,5 0,5 [20]
24,0 Mn15C01.504 1,5 1,5 [14]
23,5 C00.5Cuo.5Mn204 2 0,5 0,5 [16]
22,2 CuCo0204 2 1 [24]

19,3 Mn1.25C01.7504 1,25 1,75 [20]
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18,8 Mn1.4C01.4Nio.204 14 14 0,2 [9]

18,8 Mn15C01504 1,5 1,5 [9]

17,8 Mn15C01.504 1,5 1,5 [13]
17,7 MnCo0204 1 2 [19]
16,9 MnCo0204 1 2 [19]
16,5 Mn15C01504 1,5 1,5 [16]
14,8 Co00.67Cu0.33Mn204 2 0,67 0,33 [16]
12,8 MnCo1.66Tio.3404 1 1,66 0,34 [19]
11,7 MnCo0204 1 2 [25]
11,7 MnCo1.9Fe0.104 1 1,9 0,1  [25]
11,5 MnCo0204 1 2 [26]
11,2 MnCo1.7sF€0.2504 1 1,75 0,25 [25]
10,3 Mn1.25C01.25Cro.504 1,25 1,25 0,5 [22]
9,7 MnCo0204 1 2 [23]
9,0 MnCo0204 1 2 [19]
8,8 Cu1.0sMn1.9204 1,92 1,08 [17]
7,4 Co00.8Cu0.2Mn204 2 0,8 02 [16]
5,0 MnCo1.5Fe0.504 1 1,5 0,5 [25]
4,0 NiMn204 2 1 (23]
29 MnCoCrO4 1 1 1 [26]
2,7 MnCoFeO4 1 1 1 [25]
1,8 CoMn204 2 1 [16]
1,0 MnCoCrO4 1 1 1 [19]
0,9 MnCoCrO4 1 1 1 [22]
0,4 CuFe204 1 2 [27]
0,2 CoFe204 1 2 [28]
0,2 Mno.75C00.75Cr1.504 0,75 0,75 1,5 [22]
0,1 MnCrz204 1 2 [23]
0,1 MnCo1.66Tio.3404 1 1,66 0,34 [29]
0,1 MnCo1.66Fe€0.3404 1 1,66 0,34  [29]
0,1 Mno.4C00.6Cr204 04 0,6 2 [19]
0,1 Mno.5C005Cr204 05 05 2 [22]
0,1 MnCrz204 1 2 [26]

Building on the promising results of cobalt-less coating options, the list of candidate materials will feature
copper-based alternatives that align with both stringent performance criteria and ethical considerations
concerning the use of CRMs. Particularly noteworthy among these candidates is the composition
Mn,CuO., which has shown remarkable promise in preliminary studies. Further analysis conducted

6
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through regression techniques, reveals that the Mn1sC0g,75Cuo,7504 composition achieved the improved
electrical conductivity, reaching as high as 110 S/cm at an operating temperature of 650°C. This
compelling finding reinforces copper's potential as an effective and sustainable substitute for cobalt in
SOEL interconnector coatings.

In the PilotSOEL, the protective coatings are being manufactured using the PVD process. This process has
the advantage of producing thinner and denser coatings compared to today's state-of-the-art processes.
Theoretically, the conductivity should be greater than 30 S/cm with the coating thickness of 1.5 pum,
typically produced with the PVD process, in order to achieve an ASR value less than 5 mQ.cm?. The clear
advantage here is that coatings with a dense microstructure can be produced, thereby minimizing the
oxidation of the interconnect and the growth of less electrically conductive Cr-scale.

4. Coatings on the fuel side

While a great deal of research has focused on air-side coatings to mitigate issues of Cr-poisoning in FSS
interconnectors, there has been comparatively less attention on fuel-side coatings. This area is equally
critical, especially when ceramic cells are integrated with a nickel-contact layer. The contact layer, which
could either be a separate mesh or a screen-printed layer, is typically applied on top of a nickel/yttria-
stabilized zirconia (Ni/YSZ) supporting anode layer. Several challenges arise due to interactions at elevated
temperatures between the various elements in the stack.

Firstly, nickel (Ni) has a tendency to diffuse into FSS at high operating temperatures (Figure 1). This
diffusion alters the FSS to an austenitic grade, which has significantly different mechanical properties
compared to FSS. One key difference is in the coefficient of thermal expansion (CTE), which becomes
18x10° K* for the altered material, in contrast to the 10-11x10® K'* exhibited by other stack components.
This mismatch in CTE can result in mechanical stress and structural instability, potentially compromising
the integrity of the SOEL stack [30, 31].

Interdiffusion zone

Crofer 22 APU 200 um | | Crofer 22 APU 20pum

Figure 1. Interdiffusion zone of Ni and FSS interconnect [30]
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Secondly, there is the issue of chromium (Cr) and iron (Fe) diffusing into the nickel layer. When this occurs,
oxides form that have lower electrical conductivity compared to pure nickel. This can negatively impact
the stack's overall performance by increasing ohmic resistance and thereby decreasing efficiency [31].

Given these considerations, coatings for the fuel side must be designed to prevent interdiffusion of nickel,
chromium, and iron, while maintaining electrical and mechanical compatibility with the entire SOEL stack.
Such fuel-side coatings would ideally also meet the same criteria for chemical, microstructural, and phase
stability, high-temperature strength, and cost-effectiveness that are required for air-side coatings.

4.1  Diffusion barrier

To mitigate material diffusion and other challenges on the fuel side, various oxide-based coatings have
been investigated. The fundamental requirement for these coatings is to exhibit excellent electronic
conductivity under low oxygen partial pressures. One such material that has drawn interest is strontium
titanates; however, their performance is highly sensitive to doping concentrations, which can limit their
utility [31].

A thermodynamically stable alternative is ceria (CeO,), which demonstrates acceptable electrical
conductivity across a wide range of oxygen partial pressures. With an electrical conductivity value of 0.3
S/cm, CeO, performs notably better than either Cr,03 (0.01 S/cm) or MnCr,04 (0.001 S/cm) layers. These
latter compounds can naturally form on the surface of unprotected FSS even on the fuel side, thereby
compromising stack performance [31].

Because CeO; offers superior electrical conductivity compared to, for example, Mn-Cr-O spinels, it is
advantageous for use as a diffusion barrier, particularly when transitioning to more affordable steel grades
such as AlSI 441 and 444. These grades are known to form thicker oxide scales on both the air and fuel
sides, making a high-conductivity barrier like CeO, more critical for maintaining stack performance.

To further optimize the system, multi-layered structures can be employed on the fuel side. For instance,
integrating a conductive Cu layer between the FSS and the CeO; layer can decrease the area-specific
resistance (ASR) values compared to using a single layer of CeO; on top the FSS. [31] A similar strategy can
be applied to the other side of the coating. By adding a conductive Ni layer on top of the CeO,, one can
potentially enhance the area of electrical contact between the cell and the FSS interconnect, thereby
improving the overall electrical performance of the SOEL stack.

These multi-layered approaches offer a flexible, high-performance solution that addresses the complex
requirements for fuel-side coatings, providing an additional layer of optimization in the pursuit of efficient
and durable SOEL stacks.

5. Conclusion

The challenges associated with SOEL stacks, ranging from Cr-poisoning to the diffusion of elements like
nickel, chromium, and iron, emphasise the need for innovative coating solutions for both the air and fuel
sides of the interconnector plates. On the air side, Cu-doped spinel coatings, particularly Mn,CuQa, have
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emerged as promising candidates that satisfy performance, ethical, and sustainability criteria. They offer
excellent Cr-barrier properties and enhanced electrical conductivity.

On the fuel side, multi-layered structures involving ceria as a diffusion barrier, coupled with conductive
layers of Cu and Ni, hold the potential to mitigate material diffusion issues and improve overall stack
performance. These coating compositions, which balance technical performance with material
sustainability from the CRM point of view, present a promising route for the future development of more
efficient and durable SOEL stacks.

Coatings to be tested: Mn;5C01504 (air side coating, reference)
Mn,CuO;, (air side coating)
Mn1,5C00,75CUg 7504 (air side coating)
CeO; (fuel side coating)
Cu-CeO; (fuel side coating)

Cu-CeO,-Ni (fuel side coating)
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